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Abstract
Supernova 1604 is the last Galactic supernova for which historical records exist. Johannes Kepler’s
name is attached to it, as he published a detailed account of the observations made by himself and
European colleagues. Supernova 1604 was very likely a Type Ia supernova, which exploded 350 pc
to 750 pc above the Galactic plane. Its supernova remnant, known as Kepler’s supernova remnant,
shows clear evidence for interaction with nitrogen-rich material in the north/northwest part of the
remnant, which, given the height above the Galactic plane, must find its origin in mass loss from
the supernova progenitor system. The combination of a Type Ia supernova and the presence of
circumstellar material makes Kepler’s supernova remnant a unique object to study the origin of Type
Ia supernovae. The evidence suggests that the progenitor binary system of supernova 1604 consisted
of a carbon-oxygen white dwarf and an evolved companion star, which most likely was in the (post)
asymptotic giant branch of its evolution. A problem with this scenario is that the companion star
must have survived the explosion, but no trace of its existence has yet been found, despite a deep
search.
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1 Introduction
Supernova (SN) 1604 is the last of the historical supernovae. We know of at least
two other supernovae with later explosion dates, those associated with the super-
nova remnants Cassiopeia A and G1.9+0.3 (Green et al, 2008), but no known his-
torical records of the associated supernova events exist.
The discovery of SN 1604 occurred on October 9, 1604 (Gregorian calendar),
early in the evening when all interested in astronomy gazed the sky to watch
the conjunction of Mars, Jupiter and Saturn. This special circumstance proba-
bly helped the early discovery of the supernova at around 20 days before maxi-
mum brightness (Stephenson and Green, 2002). The occurrence of a new star in
conjunction with three bright planets lead to fierce debates among contemporary
astronomers, most of whom still held partial medieval world views, with many el-
ements of astrology. Of all these astronomers, it is in particular Johannes Kepler’s
name that is now attached to this supernova, because he wrote a book “De Stella
Nova in Pede Serpentarii” (”On the new star in the foot of the Snake [Ophichius]”)
about the new star, in which he published his own observations of the supernova
and those by various European colleagues, and discusses the importance of the new
star, including a possible link to the star of Bethlehem. Kepler only started observ-
ing SN 1604 relatively late, October 17, due to unfortunate weather circumstances
in Prague, his city of residence. Kepler and his contemporaries attached a great
deal of metaphysical significance to the appearance of the new star: “The star’s
significance is a difficult matter to establish and we can be sure of only one thing:
that either the star signifies nothing at all for Mankind or it signifies something
of such exalted importance that it is beyond the grasp and understanding of any
man”. Kepler himself, in fact, was a bit more cautious about the metaphysical
implications of the event than some of his contemporaries (Granada, 2005).
Currently, the remnant of SN 1604, labeled G4.5+6.8, but usually called Ke-
pler’s supernova remnant (SNR), or even ”Kepler” for short, is one of the best
studied SNRs. It appears that Kepler’s SNR has indeed a wide ranging signifi-
cance, but not for metaphysical reasons, but for understanding the nature of Type
Ia supernovae. SN 1604 was almost certainly a Type Ia supernova, but, peculiarly,
the SNR itself is interacting with a nitrogen-rich circumstellar medium (CSM) at a
distance of 2-3 pc from the explosion centre, suggesting that the progenitor system
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had significant mass loss.
As described in more detail in Sections 3 and 6, two basic types of super-
nova Type Ia progenitor models exists (Maoz et al, 2014): 1) the single degenerate
model, according to which a CO white dwarf accretes from an (evolved) stellar
companion until the pressure in the core leads to the thermonuclear explosion of
the white dwarf, at the moment that the progenitor has a mass approaching the
Chandrasekar mass (1.38 M), and 2) the double degenerate model, according to
which Type Ia explosions are triggered by the merging of two white dwarfs. The
time scale from birth of the binary system to the merging of the two white dwarfs
is generally expected to be a few 109 yr (Maoz et al, 2014), since the two stars are
brought closer to each other due gravitational radiation. The fact that Kepler’s SNR
is interacting with CSM is, therefore, more consistent with the single degenerate
scenario. However, as will be discussed, this scenario is also not fully consistent
with the properties of Kepler’s SNR, in particular with the lack of a surviving donor
star.
2 The supernova remnant, its distance and its multiwave-
length properties
2.1 Position, distance estimates and SN 1604 as a runaway system
Kepler’s SNR was discovered by Walter Baade as ”a small patch of nebulosity close
to the expected place” (Baade, 1943). Minkowski (1959) revealed that the spectrum
of the optical nebula displayed strong [NII] emission as compared to Hα emission.
The Hα/[NII] is concentrated toward the north/northwestern region of the SNR
and a bar-shape region across the center, roughly oriented in the NW-SE direction
(Fig. 1). The overall extent of the SNR is more clear from radio and X-ray images
of the SNR, revealing a roughly spherical shell with two protrusions (”Ears”) in
the NW and SE (e.g. Delaney and Rudnick, 2003; Reynolds et al, 2007). The
SNR’s center is located at αJ2000 = 17h30m41s, δJ2000 =−21◦29′32′′, in Galactic
coordinates l = 4.52◦,b = 6.82◦. The angular radius of the SNR is approximately
1.8′ (not taking into account the ”Ears”).
The distance to the SNR is uncertain, with estimates varying from d = 3.2 kpc
(Danziger and Goss, 1980) to d = 12 kpc (van den Bergh et al, 1973). The long
distance was based on the maximum visual magnitude of the supernova event of
Vmax ≈ −2.5, as estimated by Baade (1943) from the historical records. After
correcting for absorption (AV = 2.17− 3.47, van den Bergh and Kamper, 1977;
Danziger and Goss, 1980), the peak magnitude can then be compared to the abso-
lute magnitude of Type Ia supernovae of MV =−19.0±0.5. A Hubble parameter
was adopted of H0 = 100 km/s/Mpc.
More recent distance estimates, not based on the historical peak brightness of
the supernova, vary widely, ranging from d = 3.9± 1.4 kpc (Sankrit et al, 2005)
based on combining proper motion and Doppler broadening of Hα emission, up to,
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Figure 1: Kepler’s SNR at different wavelengths: a) Radio VLA (4.85 GHz)
map (Delaney and Rudnick, 2003); b) 24µm dust emission as observed by the
Spitzer MIPS instrument (Blair et al, 2007); c) optical image (Hα , [NII] and [OIII])
obtained by the Hubble Space Telescope/ACS instrument (credit: ESA/NASA, The
Hubble Heritage Team (STScI/AURA)); d) Chandra X-ray image in the iron-rich
0.7-1.0 keV band (Reynolds et al, 2007). Intensity scaling of Fig. a, b, and d are
square-root scalings, bringing out fainter details.
4
or even beyond, 6-7 kpc based on the angular size of the SNR, combined with the
energetics of the supernova (Aharonian et al, 2008; Chiotellis et al, 2012; Patnaude
et al, 2012, see Section 3 for details). Radio absorption measurements toward the
SNR are consistent with a distance in the range 4.8-6.4 kpc (Reynoso and Goss,
1999).
The Galactic latitude of Kepler’s SNR (b = 6.8◦) implies a large height above
the Galactic plane of z = 594d5 pc (with d5 the distance in units of 5 kpc). The
large separation from active star forming regions suggests that SN 1604 was Type
Ia supernova, in agreement with the reconstructed supernova light-curve, as already
pointed out by Baade (1943). However, the large amounts of nitrogen present in
the optical nebula can only have come from material processed by the CNO nucle-
osynthesis cycle, suggesting a stellar wind origin for the optical nebula. This lead
Bandiera (1987) to suggest that the progenitor was a massive star, which escaped
the Galactic plane with a high velocity. The high proper motion of the progenitor is
in agreement with observations of the kinematics of the optical nebula (Section 3).
Given the historical light curve, a Type II origin of SN 1604 was excluded, but
a Type Ib supernova was consistent with both the light curve and the idea of a
massive runaway star as the progenitor of the supernova Bandiera (1987).
2.2 X-ray imaging spectroscopy and SN 1604 as a Type Ia supernova
The idea of a Type Ib supernova origin for SN 1604 was discredited with the advent
of X-ray imaging spectroscopy with CCDs. These type of detectors were first used
by ASCA, and it provides now still the most often used instrumentation for X-ray
observatories such as Chandra, XMM-Newton, and Suzaku. The X-ray spectrum
of Kepler’s SNR (Fig. 3) shows that the dominant line emission is caused by Fe-L
transitions (Kinugasa and Tsunemi, 1999; Cassam-Chenaı¨ et al, 2004; Reynolds
et al, 2007), which is very indicative of Type Ia SNRs, since they produce 0.3-1.3
M of Fe and Fe-group elements. In addition line emission from intermediate mass
elements like silicon, sulphur, argon and calcium, are prominent. Unlike Kepler’s
SNR, young core collapse SNRs on the other hand, show dominant emission from
oxygen, neon and magnesium. Recently, Katsuda et al (2015) confirmed the high
nitrogen abundance in Kepler’s SNR using high resolution X-ray spectroscopy with
the XMM-Newton reflective grating spectrometer.
The spatial distribution of the X-ray line emission indicates that the ejecta are
layered according to element mass, with the intermediate mass elements located,
on average, at a larger radius than iron (Cassam-Chenaı¨ et al, 2004, illustrated in
Fig. 2). This distribution is similar to that of other Type Ia SNRs like Tycho’s
SNR (SN 1572, Hwang and Gotthelf, 1997) and SNR 0519-69.0 (Kosenko et al,
2010), but Fe-L emission is more prominent in Kepler’s than in Tycho’s SNR,
whereas SNR 0519-69.0 and SN 1006 display more oxygen line emission from
the outer layers.The relatively high iron abundance in Kepler’s SNR, as compared
to other Type Ia SNRs, suggests that SN 1604 was an iron/nickel-rich supernova,
similar to the peculiar Type Ia supernova SN1991T (Patnaude et al, 2012, but see
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Figure 2: Chandra X-ray image, with the three image channels (red, green, blue)
corresponding to oxygen emission (0.5-0.7 keV), Fe-L emission (0.7-1 keV) and
Si-K emission (1.7-1.9 keV), respectively. It can be seen that the Si-K emission
(blue) peaks more outward than the the Fe-L shell emission (green). Peaks in
the oxygen emission (red/yellowish) occur at the outskirts in the northeast and
along the bar, suggesting that the emission comes from shock-heated, circumstellar
material.
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Figure 3: The Chandra ACIS-S X-ray spectrum of Kepler’s SNR, observed in
2006. The ”bump” between 0.7- 1.2 keV consists mainly of Fe-L emission , con-
sisting of complex of lines from Fe XVII to Fe XXIV. The prominence of this Fe-L
complex in the spectrum of Kepler’s SNR is indicative of a Type Ia origin.
Section 4.4).
Recently it has become possible to detect line emission from the uneven ele-
ments manganese (Mn) and chromium (Cr). The Mn yields for supernovae are a
result of the presence of neutron-rich nuclei in the progenitors, which ultimately is
linked to the nitrogen abundance of the progenitor at the main sequence. Hence,
it can be used to infer the metallicity of the progenitor. Park et al (2013) used
the Mn/Cr ratio to show that SN 1604 must originate from a star with super-solar
metallicity, ruling out a halo star progenitor.
The continuum X-ray emission of Kepler’s SNR, best distinguished in the 4-6
keV band (blue in Fig. 4), shows narrow filaments tracing the outer region of the
SNR. Most of this emission, especially the narrow filaments in the SE, are thought
to be caused by X-ray synchrotron emission from 10-100 TeV shock accelerated
electrons (Helder et al, 2012, for a review). The widths of the filaments can be
used to estimate the post-shock magnetic fields, indicating for Kepler’s SNR a
magnetic field strength of B ≈ 120 µG. Since the 10-100 TeV lose their energy
very fast in such a magnetic field (∼ 10−20 yr), the X-ray synchrotron radiation is
an excellent tracer of the shock front. Some of the X-ray synchrotron filaments are
situated along the edges of the central bar (Fig. 4), suggesting that we observe the
shock front under a (nearly) edge-on viewing angle. Given the position of the bar in
the center of the SNR, this viewing angle indicates a peculiar, perhaps halter-like,
morphology of the SNR in three dimensions (Burkey et al, 2013).
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Figure 4: Multiwavelength image of Kepler’s SNR. The red channel represents
the 24 µm dust emission as observed by the Spitzer MIPS instrument (Blair et al,
2007). The green channel is the Si-K band (1.7-2.0 keV), representing the bulk
of the thermal X-ray emission, associated with Si-rich ejecta. The Si-K emission
comes on average from a smaller radius than the dust emission, indicating that the
dust originates from the swept up circumstellar medium, rather than the ejecta.
The blue channel (enhanced with contours) shows the X-ray continuum emission
in the 4-6 keV band. In the SE the emission is dominated by synchrotron emission
from close to the shock front. In the NW it is probably a mixture of synchrotron
emission and thermal bremsstrahlung. The X-ray bands are taken from the 2006
Chandra observations of Kepler’s SNR (Reynolds et al, 2007).
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2.3 The circumstellar medium as studied in the optical and infrared
The shocked interstellar medium in Kepler’s SNR is best studied in the optical and
infrared. The optical emission, dominated by hydrogen line emission, comes from
northwestern part of the SNR and from the central bar. The optical emission can be
divided in emission caused by either radiative or non-radiative shocks (Dennefeld,
1982; Fesen et al, 1987; Blair et al, 1991; Sankrit et al, 2008). Radiative shock
emission is characterised by a mix of hydrogen line emission (Balmer and Lyman
lines) and forbidden line emission from NII, OIII, and SII. The Hα line emission
is in those cases double peaked, since NII has among others line emission at λ =
654.9 nm, close to Hα (λ = 656.4 nm). Forbidden line emission comes from
regions heated by slow shocks (. 200 km s−1), which heat plasma to temperatures
below ∼ 106 K. For this temperature regime radiative losses by optical/UV line
emission causes rapid cooling. For Kepler’s SNR the overall shock speed is several
thousand km s−1. So the radiative emission must come from dense knots (n &
103 cm−3 Leibowitz and Danziger, 1983), in which locally the shock wave has
decelerated considerably. The [NII]/hydrogen line ratios measured for radiative
shocks in Kepler’s SNR suggests an overabundance in nitrogen of a factor 2-3.5
(Leibowitz and Danziger, 1983; Blair et al, 1991).
The non-radiative emission is caused by neutral hydrogen atoms entering the
shock, after which they may not be immediately ionised, but first get into an ex-
cited state, or undergo will charge exchange with shock-heated protons behind the
shock front. Hα line spectra of non-radiative shocks typically consist of narrow-
line emission caused by direct excitation of the neutrals, and broad-line emission
caused by hot protons that just picked up an electron through charge exchange.The
narrow line width and line center can be used to measure the plasma speed and
temperature of the un-shocked gas, whereas the broad-line width can be used to
measure the temperature immediately (. 1015/np cm) behind the shock (see Sec-
tion 3). The Hα flux of the non-radiative filaments can be used to infer densities
as well, which appears to be of the order of ∼ 10 cm−3(Blair et al, 1991). This
is surprisingly large, given the height above the Galactic plane of 594d5 pc. The
optical emission from Kepler’s SNR, therefore indicates that the SNR is interact-
ing with dense, CNO processed material, which, given the isolated nature of the
SNR high above the Galactic plane, can only be understood by assuming that the
circumstellar material originates from the progenitor system of SN 1604.
In the infrared Kepler’s SNR has been observed in the wavelength range from
12-100µm by all major infrared observatories (IRAS, ISO, Spitzer, Herschel, see
Braun, 1987; Douvion et al, 2001; Blair et al, 2007; Gomez et al, 2012; Williams
et al, 2012). Additional emission for wavelength larger than 100 µm, even up to
850 µm may be present (Morgan et al, 2003; Gomez et al, 2012), but at long wave-
lengths background subtraction is difficult, and even at 100 µm there is already
a factor three discrepancy between IRAS and Herschel based flux measurements
(Gomez et al, 2009).
Infrared emission from SNRs is caused by warm dust, heated by collisions with
9
hot electrons and ions. The dust temperature is established by the equilibrium be-
tween collisional heating and thermal emission (Draine, 1981; Dwek, 1987). Both
heating and emission depend on the surface area of the dust grains, and for large
dust grains the temperature is independent of the size of the dust particles. How-
ever, since the wavelength of the radiation and the dust particle size can be com-
parable, the dust emission cannot be adequately described by Stefan-Boltzmann’s
law. Moreover, the emission spectrum also depends on the composition of the dust.
Infrared photometry of Kepler’s SNR indicates dust temperatures of 80–120 K
(Braun, 1987; Douvion et al, 2001; Blair et al, 2007; Gomez et al, 2012; Williams
et al, 2012), whereas more detailed spectra obtained with the ISO-SWS and Spitzer-
IRS spectrometers (respectively Douvion et al, 2001; Williams et al, 2012) indicate
that the dust particles themselves are silicates (silicon oxides). Interestingly, the
modelling of the spectra gives rise to different interpretations. Douvion et al (2001)
conclude that the dust comes from regions with densities of ne = 500−7500 cm−3
with plasma temperatures of (0.4− 6)× 105 K. On the other hand, Williams et al
(2012) estimates the densities to be ne ≈ 5 cm−3 in the South to ne ≈ 50 cm−3 in
the North, but assumes that the plasma temperatures are consistent with the X-ray
measured temperatures (Te≈ 107 K, and ion temperatures a factor ten higher). Both
conditions may arise in Kepler’s SNRs as the radiative shocks are going through
very dense regions, whereas the non-radiative shocks are responsible for the X-
ray emitting plasma. Indeed, several of the regions analysed by Williams et al
(2012) contain non-radiative shock emission. The infrared spectrum of the region
in which radiative shock emission is dominant is characterised by bright forbidden
line emission in the infrared (among others [Si II], [Fe II]). It is important to note
that the location of the dust emission indicates that all the dust is associated with
shocked CSM, and not with supernova ejecta. This appears to be a characteristic
of Type Ia supernovae, which do not seem to produce dust in their ejecta (Williams
et al, 2012). This is in contrast to a core collapse SNR like Cas A (Lagage et al,
1996) or SN 1987A, where dust clearly is formed from supernova ejecta.
3 The dynamics of Kepler’s SNR
3.1 Velocity measurements
The earliest measurements of velocities in Kepler SNR’s were radial velocity mea-
surements of the bright optical knots, indicating line emission that is blue shifted
by about 230 km s−1(Minkowski, 1959). Optical proper motion studies (van den
Bergh and Kamper, 1977; Bandiera and van den Bergh, 1991) also indicated ve-
locity offsets, indicating that the bright optical knots have a bulk velocity of 212
d5km s−1 in northwestern direction, away from the Galactic plane, whereas the ex-
pansion velocity, based on spherical expansion directed away from the centre of
the SNR, is only (74± 29)d5 km s−1(Bandiera and van den Bergh, 1991). The
slow expansion velocity, corresponding to an expansion time scale of 32000 yr,
indicates that the velocity of the optical knots reflects mostly the velocity of these
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Figure 5: Left: Difference image between images in the 1-1.5 keV band in 2000
and 2006, as observed by Chandra. The shadow-like features are caused by proper
motions. Right: X-ray expansion measurements based on these two Chandra im-
ages in various energy bands (adapted from figure in Vink, 2008).
knots prior to interaction with the SNR blast wave.
The more diffuse non-radiative Hα emission (Fesen et al, 1987) provides in-
formation on the local shock wave velocities through the width of the broad Hα-
component; and the narrow line component provides information on the velocity
of the unshocked, partial neutral gas, immediately ahead of the shock. The latter
informs us that the unshocked gas is blue shifted with about 180 km s−1(Blair et al,
1991; Sollerman et al, 2003).
The width of the broad line Hα component is caused by thermal Doppler
broadening of shock-heated protons. The reported Hα line FWHM of∼ 1800 km s−1
translates into shock velocities of 1500− 2000 km s−1(Blair et al, 1991). Part
of the uncertainty is caused by the uncertainty in electron-ion temperature ratio.
Sankrit et al (2005) combined this shock velocity measurement with a measure
proper motion of diffuse filament in the NW of 1.45± 0.03 ′′/16.33 yr to infer a
distance to Kepler’s SNR of 3.0-5.0 kpc. However, note that some of the Doppler
broadening widths measured by Blair et al (1991) indicate shock velocities larger
than 2000 km s−1. Notably, the filament labeled ”NW diffuse emission” has a
width of 3409±454 km s−1, which corresponds to a shock velocity range of 2300-
4000 km s−1(van Adelsberg et al, 2008), or even larger if cosmic-ray acceleration
absorbs part of the shock energy-flux into the shock, which results in lower than
expected post-shock temperatures (e.g. Vink et al, 2010).
The optical velocity measurements pertain to the densest regions of Kepler’s
SNR. The overall expansion of Kepler’s SNR has been measured in the radio
(Dickel et al, 1988, with VLA) and X-rays (Vink, 2008; Katsuda et al, 2008, see
Fig. 5) using proper motion measurements. These measurements show that the
northwestern part is expanding at a slower rate than the southwestern part. A use-
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ful way to characterise the expansion rate is in terms of the expansion parameter
m≡ R/t
V
, (1)
with R the radius, t the age of the SNR and V the velocity. For proper motions
both R and V depend in a similar way on the distance, so one can replace R and V
with angular radius and proper motion. One can also calculate the expansion age
τexp ≡ R/V , in which case m = t/τexp, with t the true age of the SNR. For SNRs
in the Sedov-Taylor phase of the evolution we expect R ∝ t2/5 and hence m = 2/5,
whereas in the ejecta dominated phase one expects m= 0.7−0.9 (Chevalier, 1982).
It turns out that for Kepler’s SNR in the Northwest m = 0.3−0.35, whereas in the
Southwest the expansion is faster, with m = 0.6− 0.7. The expansion parameter
in the northwest is lower than m = 2/5, which indicates that the shock must have
encountered a density enhancement. Vink (2008) estimates that the total excess
mass toward the northwestern region is about 1 M.
The proper measured proper motions translate in shock velocities of
Vsh = m9920(θ/2.79)d5 km s−1
for an age of 400 yr, with θ = 2.79′ the angular radius of Kepler’s SNR. Given the
measured values of m the shock velocities around Kepler’s SNR are, therefore, in
the range of 2900-7000 d5 km s−1.
3.2 Hydrodynamical simulations of Kepler’s SNR
As discussed above the density enhancements in the north-northwestern regions, as
well as the evidence for high density, nitrogen-rich material suggests that the pro-
genitor system of SN 1604 suffered significant mass loss. Borkowski et al (1994)
simulated this situation in the context of a Type Ib origin of SN 1604 and Chiotel-
lis et al (2012) adapted it for the case of a Type Ia scenario, which I will briefly
describe here.
The basic idea is that a dense wind has emanated from the secondary star with
a mass-loss rate of M˙ M yr−1, and a wind velocity vw. The wind must have
lasted long enough for the wind material to reach the current radius of Kepler’s
SNR (2.6d5 pc) implying that the wind must have prolonged for at least tw & 2.5×
105d5(vw/10 kms−1) yr. The total mass lost by the system is given by
Mwind & M˙tw = M˙
R
vw
= 2.5
(
M˙
10−5M yr−1
)(
vw
10 kms−1
)−1
d5 M. (2)
This means that the mass loss rate cannot have been much higher than 10−5 M yr−1,
as the total mass loss of the donor could not exceed the mass of a viable donor star
for a Type Ia progenitor, which must lie in the range of 3-6 M.
The optical proper motions of the knots indicate a space of around 250-280 km s−1
(212 d5 km s−1in NW direction and 180 km/s toward us). This likely corresponds
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to the space velocity of the progenitor system. The combination of a spherical wind
and a space velocity gives rise to a bow shock around the system in the direction of
the motion of the system. The density of the wind as a function of radius r is given
by
ρw(r)=
M˙
4pir2vw
= 7.8×10−25
(
M˙
10−5 M
)(
vw
10 kms−1
)−1( R
2.6pc
)−2
gcm−3.
(3)
The densities in the Northwest appear to be around 50 cm−3 (Section 2.3). The
density in the wind may be lower, as the gas encountered by the SNR shock may
have been shocked by the wind termination shock, and later by the SNR shock.
However, we see that the mass loss rate cannot have been substantially lower
10−5M yr−1, as otherwise the wind densities would fall below the densities of
the CSM component in Kepler’s SNR.
The termination radius of the wind is now given by assuming equilibrium be-
tween the ram pressure of the wind Pw = ρwv2w and the ram pressure of the inter-
stellar medium, PISM = ρISMv2prog, with vprog the velocity of the progenitor system.
Hence,
Rts = 1.9
(
M˙
10−5 M
)1/2( vw
10kms−1
)1/2( vprog
250 kms−1
)−1( nISM
10−3 cm−3
)−1/2
pc,
(4)
with nISM = 10−3 an estimate for the ISM at 500 pc above the Galactic plane. This
estimate for the termination shock radius is in reasonable agreement with the radius
of Kepler’s SNR.
The simulations of Chiotellis et al (2012) show that both the bow-shock like
shape of Kepler’s SNR as well as the measured expansion parameters can be rea-
sonably well reproduced if SN 1604 indeed went off inside a stellar wind bubble
with a systematic velocity of 250 km s−1. It was assumed that the ejecta mass was
1.4 M, typical for an exploding white dwarf. The simulations showed that for a
distance of 4 kpc the radius of the termination shock must be around 2 pc. How-
ever, a SNR with an explosion energy of 1051 erg going off inside such a smaller
bubble, would have moved through the wind bubble and the shock would have
penetrated into the ISM, which is in disagreement with the observations. One can
reproduce the characteristic of Kepler’s SNR at this distance, but only if the ex-
plosion energy is reduced to 2×1050 erg. This is in disagreement with the typical
Type Ia explosion energies of 1.2×1051 erg (Woosley et al, 2007). Moreover, the
high Fe content of Kepler’s SNR rather suggest that SN 1604 was a relatively ener-
getic type Ia event (Park et al, 2013). This problem does not occur if Kepler’s SNR
has a distance of & 6 kpc.
A related hydrodynamical study by Patnaude et al (2012) concentrates on the
impact of hydrodynamics on the resulting X-ray spectra. The wind bubble evo-
lution itself is not modelled, but an 1/r2 density distribution is assumed. They
confirm that normal Type Ia explosion energies are not consistent with a distance
13
of Kepler’s SNR of 4 kpc, but that instead a distance of 7 kpc should be considered.
Toledo-Roy et al (2014) follow more closely the scenario of Chiotellis et al (2012),
but the simulations are in 3D and the wind loss is assumed to be anisotropic. As
a result more structure is found in the simulated X-ray maps, some of which may
explain for example the central bar in Kepler’s SNR (e.g. their Fig. 10). In general,
the anisotropy of the wind can result in a peculiar structure. Burkey et al (2013)
simulated the evolution of the SNR inside a wind strongly varying as a function of
the polar axis. However, the simulation does not take into account the effects of
the velocity of the system as a whole, and the expansion parameter of the plasma.
4 The progenitor system of SN 1604
4.1 Elevated circumstellar nitrogen abundances, silicates and a single
degenerate scenario for SN 1604
Chiotellis et al (2012) argued that the mass loss properties inferred for the pro-
genitor system of SN 1604 suggest that the progenitor system consisted of CO
white dwarf accreting wind material from a Asymptotic Giant Branch (AGB) star.
Indeed, the high mass loss rates and the wind expansion time scale are in good
agreement with what is generally inferred for AGB stars. Given the relatively high
total mass loss (∼ 2.5M, plus matter that has accreted onto the white dwarf), it
does mean that the donor star must have been a relatively massive star at the main
sequence.
In addition, the nitrogen-rich abundance of the wind, and the silicate dust
(Sect. 2.3) also gives clues about the donor star. The nitrogen-richness can be
explained by hot bottom burning (e.g. Karakas, 2010), a process in which hydro-
gen is burned through CNO cycle at the base of the outer convective envelope.
This brings nitrogen to the surface. Hot bottom burning occurs in stars with initial
masses larger than 4-5 M. Silicate dust predominantly forms in winds in which
the carbon/oxygen ratio is smaller than 1. Otherwise the oxygen binds to carbon,
making CO, leaving no oxygen for the build up of silicates. In this light it is inter-
esting that McSaveney et al (2007) found two AGB stars in the Large Magellanic
Clouds, which have elevated nitrogen abundance and a C/O < 1. The masses of
these two stars are inferred to be 4 M and 6 M.
Taken all the evidence together we seem to have a rather consistent scenario for
the progenitor system of SN 1604 and the evolution of the SNR: a single degenerate
white dwarf, accreting wind material from a rather massive AGB star. The mass
of the donor then implies that the white dwarf was also rather massive at the main
sequence (5-6 M). Kepler’s SNR provides therefore the best case that at least
some Type Ia supernovae are caused by single degenerate white dwarf systems.
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4.2 Problems with a single degenerate Type Ia scenario for SN1604
There two problems that need to be solved for the single degenerate scenario for
SN 1604, or even for any Type Ia binary scenario:
1) The donor star must be relatively massive (4-6M), and therefore a luminous
star. A recent search by Kerzendorf et al (2014) did not reveal any bright enough
star near the centre of Kepler’s SNR. The former donor star is likely to still be
bright, although, its outer envelope may have been removed by the supernova blast.
Its space velocity should be close to that of the progenitor system. The lack of
a donor star argues instead for a double degenerate explosion for SN 1604. A
similar conclusion was drawn for other Type Ia SNRs, SNR 0509-675 and SN 1006
(Schaefer and Pagnotta, 2012; Gonza´lez Herna´ndez et al, 2012), for which also
no bright donor stars have been found. For Tycho’s SNR a donor star has been
identified (Ruiz-Lapuente, 2004), but this identification is disputed (Kerzendorf
et al, 2013).
2) The velocity of the progenitor system must have been ∼ 250 km s−1. This
implies that the system must have left the Galactic plane around 3 million year
ago. Such a time scale is too short for any Type Ia scenario, which should have
evolutionary time scales of > 50 Myr (e.g. Claeys et al, 2014). One can of course
speculate that Kepler’s SNR is bound to the Galactic plane, and has been oscillating
far up and below the Galactic plane for considerable longer times. This still creates,
however, the problem of how to slingshot away a binary system with 250 km s−1.
Runaway stars are usually created by close interactions of triple systems, but in
90% of the cases single stars are being ejected, and the highest velocities are not
expected to be obtained by the ejected binaries (Leonard and Duncan, 1990). More-
over, in the AGB scenario for SN 1604 the binary system must have been relatively
wide (Chiotellis et al, 2012). Nevertheless, observationally some high velocity bi-
naries are known. A well known example is the Mira system, which has a space
velocity of about 100 km s−1, and which consists also of an AGB star and a prob-
able white dwarf (Martin et al, 2007).
Problem 1) is a problem for only the single degenerate scenario, but problem
2) is a problem for any Type Ia scenario involving a binary system.
4.3 Was SN1604 a core-degenerate Type Ia explosion?
A possible solution to problem 1 is so-called core degenerate scenario (Ilkov and
Soker, 2012; Tsebrenko and Soker, 2013) according to which a single degenerate
system may form a common envelope at the end of the evolution of the secondary
star (an AGB star). The white dwarf and the core of the AGB star merge at the very
end of the AGB star evolution, or shortly thereafter. The resulting white dwarf may
be super-Chandrasekhar, but gravitational collapse followed by an explosion can
be delayed due to a rapid rotation of the massive white dwarf. Indeed, this scenario
is somewhat intermediate between the single degenerate and the double degenerate
scenario, as the supernova is clearly caused by a double degenerate merger, but
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the time scales involved can be similar to the single degenerate scenario. A con-
sequence of this scenario is that the supernova mass does not have to be 1.38 M,
but could be more. Another possible consequence for SN 1604 may be that there
was high density material surrounding the progenitor, consisting of the envelope
removed by the common envelope event. No light echo has yet been detected of
SN 1604 (Rest et al, 2008), but if it will be detected and an optical spectrum can
be obtained, perhaps we will learn more about the event itself and the presence of
material in the immediate vicinity of the supernova.
4.4 What can we learn from the historical light curve of SN 1604?
Up to the 1990ies the hope was that the historical light curves of SN 1572 and
SN 1604 could shed light on the maximum brightness of Type Ia supernovae, and
hence be used to constrain the Hubble parameter (e.g. Danziger and Goss, 1980;
Schaefer, 1996). Nowadays the Hubble parameter is known to sufficient detail, but
the historical light curves remain of interest, as it may lead to sub-typing of the
historical supernovae and provide estimates on the distance of SNRs (Section. 2).
Baade (1943) was the first one to determine the historical light curve of SN 1604,
and this was later augmented with magnitude estimates based on Korean obser-
vations by Clark and Stephenson (1977). These data have been compared to su-
pernovae light curve by among others Schaefer (1996), and most recently Katsuda
et al (2015).
The historical light curve of SN 1604 is shown in Fig. 6 with a typical mag-
nitude error of 0.25-0.5. The historical light curve is compared to a number of
recently observed Type Ia supernovae (Table 1 for an overview). These lightcurves
have been scaled to the light curve of SN 1604 by taking into account the distance
moduli (µ) and visual extinction parameters (AV ) of the supernovae, and assum-
ing a distance of 5 kpc to SN 1604 (somewhat in the middle of current estimates,
Sect. 2) and AV = 2.8 for the historical supernova. The latter is based on the esti-
mate of Blair et al (1991) for the non-radiative shock emission.
According to Type supernova light curve models, the peak magnitude of Type
Ia supernovae is determined by the amount of radioactive 56Ni produced in the ex-
plosion (typically ∼ 0.7M), whereas the steepness of the decline after maximum
is determined by the diffusion of heat generated by radioactivity to the photosphere
of the supernova; the more mass the slower the decline (Arnett, 1979; Cappellaro
et al, 1997; Dado and Dar, 2015). Hence, the low peak magnitude and fast de-
cline of SN 1991bg has been attributed to a sub-Chandrasekhar Type Ia explosion
(Turatto et al, 1996; Drout et al, 2013), whereas the very bright and slow declin-
ing SN 2009dc is thought to indicate a super-Chandrasekhar Type Ia (Silverman
et al, 2011). The latter has a light curve that is even broader and brighter than
SN 1991T, and its light curve has to be scaled by ∆V = 0.5 in order to provide even
an approximate fit to SN 1604.
Recently Patnaude et al (2012) suggested that SN 1604 may have been similar
to the bright Type Ia SN 1991T. For a distance of 5 kpc the peak absolute peak
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magnitude of SN 1991T and SN 1604 match reasonably well, but SN 1991T has a
much brighter late time light curve, and a slower post maximum decline. In order
to make SN 1604 as luminous as SN 1991T at late times, the distance of SN 1604
has to be ∼7 kpc. So the light curve of SN 1991T does not seem to be an overall
good template for SN 1604. The situation is even worse for the probable super-
Chandrasekhar Type Ia SN,2009dc, which, even when scaled down in brightness,
shows a profile that is too broad to fit the historical light curve.
Normal Type Ia supernova light curves (SN 1994D, SN 1996X, SN 2004eo) are
in reasonable agreement with the historical light curve of SN 1604. In particular,
they fit reasonably well around the peak and they agree reasonably well at very late
times (300–400 days), but they are brighter than SN 1604 for days 100–200.
At the faint extreme, there are peculiar Type Ia supernovae such as SN 2009dc,
whose light curve has to shifted up by ∆V = 1.5 in Fig. 6 in order to have the
peak brightness coincide with the peak of SN 1604. Such a shift would mean that
SN 1604 would be at a distance of 2.5 kpc, which is lower than most independent
distance estimates (Sect. 2). As Katsuda et al (2015) showed, when properly scaled
to match the peak magnitude of SN 1604, the light curve of SN 2009dc is rather
similar to the light curve of SN 1604, as both are fastly declining in brightness
after peak brightness. A similarly fast decline Type Ia was SN 2005ek, whose light
curve was used to estimate the ejecta mass of 0.3-0.7 M, and a kinetic energy of
(2− 5)× 1050 erg. However, SN 2005ek was poor in 56Ni, at odds with what we
know of SN 1604 (Sect. 2.2). Perhaps one can still fit SN 1604 with a faint Type Ia
model, if one allows for a small (sub-Chandrasekhar) progenitor mass, but with a
large fraction of 56Ni. This would make a fainter supernova, with a rapid decline,
but it could still allow for the high iron fraction in Kepler’s SNR. The reason this
may work is that in X-rays the fraction of iron can be much better determined than
the absolute mass of iron. A consequence is then that the distance of Kepler’s SNR
is less than 5 kpc, as the supernova is fainter, but this can be accommodated with
hydrodynamical models since the supernova is then probably also a sub-energetic
Type Ia (< 1051 erg, Chiotellis et al, 2012).
So what can we conclude from the historical light curve, with some reserve
as the magnitudes derived from the historical observations have to be treated with
some caution, and the extinction is uncertain? First of all, the light curves of normal
Type Ia seem overall in better agreement with the light curve of SN 1604 than the
light curve of SN 1991T. Secondly, the light curve of SN 1604 may have declined
rather rapidly after peak brightness. The evidence for this is uncertain, but could
indicate a sub-Chandrasekhar explosion. However, in order to account for the high
iron fraction of Kepler’s SNR, SN 1991bg and SN 2005ek are probably not the right
models. Moreover, a sub-Chandrasekhar model, would result in a shorter distance
of Kepler’s SNR.
A possibility that needs to be explored better is whether it is possible that the
fast decline of SN 1604 could perhaps be the result of an overall faster expan-
sion, and/or a distribution of nickel closer to the photosphere. This helps the heat
generated by 56Ni to diffuse faster to the photosphere, resulting in a more rapid
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Table 1: A comparison of SN 1604 to the Type Ia SNe shown in Fig. 6.
Vmax AV m−M MV Remark References
SN 1604:
@ 3 kpc -2.75 2.8 12.39 -17.94 Blair et al (1991)
-2.75 3.5 12.39 -18.64 Danziger and Goss (1980)
@ 6 kpc -2.75 2.8 13.89 -19.44 Blair et al (1991)
-2.75 3.5 13.89 -20.14 Danziger and Goss (1980)
SN 1991T 11.50 0.37 30.57 -19.44 Bright Type Ia Sasdelli et al (2014)
SN 1991bg 13.96 0.12 31.61 -17.77 Sub-Chandrasekhar Turatto et al (1996); Go´mez and Richtler (2004)
SN 1994D 11.90 0.08 30.82 -19.00 Normal Type Ia Cappellaro et al (1997); Feldmeier et al (2007)
SN 1996X 13.21 0.22 31.15 -18.16 Normal Type Ia Salvo et al (2001)
SN 2004eo 15.35 0.34 34.12 -19.11 Sub-Chandrasekhar? Pastorello et al (2007)
SN 2009dc 15.35 0.31 34.93 -19.89 Super-Chandrasekhar Silverman et al (2011)
post-maximum decline. In any case, the fast decline is inconsistent with a super-
Chandrasekhar explosion. This is of interest given the suggestion that SN 1604
could provide a evidence for the core-degenerate model (Sect. 4.3 Tsebrenko and
Soker, 2013), which can result in super-Chandrasekhar Type Ia explosions.
5 Conclusions
The remnant of SN 1604, Kepler’s SNR, is one of the most remarkable SNRs, with
its high bulk velocity of 250 km s−1. SN 1604 is now generally regarded to have
been a Type Ia supernova, whose remnant is interacting with wind material from its
progenitor system. One can even infer that the donor star must have been a 4-6 M
star that had evolved to the AGB phase. But this single degenerate Type Ia scenario
for SN 1604 has only one problem: a surviving donor has not been detected. A
core-degenerate supernova scenario, may offer a viable alternative theory, but it
has its own problems. Whatever the explosion scenario, the high space velocity
of the progenitor system remains mysterious, as it requires the ejection of a binary
system out of the Galactic plane with ∼ 250 km s−1.
In Johannes Kepler’s age SN 1604 was recognised as a unique, mysterious
event that was thought to have profound implications for mankind. We may no
longer think that SN 1604 is of prime importance for mankind, but SN 1604 is of
prime importance for understanding Type Ia supernovae. SN 1604 has, even more
than 400 yr after discovery, still profound implications for understanding cosmic
phenomena, and it has still not shared all its mysteries with us.
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